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Introduction
As with all nations, the Republic of South Africa (RSA) has a unique set of circumstances and challenges. Emerging from economic isolation and stagnation, the RSA has some highly developed regions but also some pockets of poorly developed infrastructure. Therefore, developing countries can learn from the way it has sought to modernise its industries and to look for guidance. In relation to technology, the RSA has embraced rapid prototyping (RP) as a method of revolutionising its industry. According to du Preez et al., (2006) , the first RP systems were installed in the RSA in 1994. Since then, its uptake has advanced rapidly. Many other countries are following this path of late adoption and so can learn valuable lessons from what has happened in the RSA.
This paper seeks to review recent RP and additive manufacturing (AM) developments within the RSA and analyses its success in using the opportunities that were previously discussed. A thorough review of RP/AM research and other activities are presented. The paper goes on to identify future lessons that can be learnt and proposes an updated road-map to aid the future direction of RP/AM application in the country.
Overview of the Situation in 2004
Towards the end of 2004, the RP community in RSA was in a very healthy state. RP machine installations were rising quickly and research was moving into new fields with government initiatives being successful in bringing industry and academia together. A number of trends had started to emerge, particularly the move towards 3D printers and other RP installations within industry. The Rapid Product Development Association of South Africa (RAPDASA) played a crucial role in raising RP awareness through organising an annual conference and forged international links with GARPA (the Global Alliance of Rapid Prototyping Associations).
However, a number of weaknesses and potential threats were also identified (Campbell and de Beer, 2005) . The range of RP/AM systems and material combinations within the country were severely limited and fabrication times could be long. Some major RSA industries were still not embracing RP/AM, possibly because they were relying on designs from companies outside of the country. It was also found that there was a lack of fundamental research in higher institutions that made peer-reviewed publications hard to achieve. Finally, there was growing competition in the tooling industry from overseas, especially China. To build on strengths and to combat weaknesses, a road-map for the future of RP was proposed by the authors. From the paper, "Rapid Prototyping in South Africa: Past, Present and Future" (Campbell and de Beer, 2005 ) the main recommendations were:
1. To increase participation of industry within national RP networks, supported and encouraged by RAPDASA.
2. To embrace product development activities which use digital tools that facilitate and compliment RP, e.g. solid modelling.
3. To strengthen key international links, including more RP vendors being encouraged to establish a presence within RSA.
4. To develop the RSA as a conduit to neighbouring countries and other parts of Africa.
This road-map that was generated will act as a benchmark to evaluate subsequent developments that are discussed in this paper.
RP Developments since 2004
The use of RP and related technologies, such as computer aided design (CAD) and rapid tooling (RT), has grown rapidly in the RSA. Between 2005 and 2006, the total number of RP machines installed doubled (Wohlers, 2006 (Wohlers, , 2007 . Growth slowed down between 2007 and 2008 to around 24% and 21% respectively (Wohlers, 2008 (Wohlers, , 2009 . In recent years, RP and RT technologies have been joined by AM as designers began to embrace the advantages that could bring geometric freedom in small batch production. A key enabler for the uptake of AM has been the broadening of the technologies available, such as Direct Metal Laser Sintering (DMLS) which was introduced to the Central University of Technology (CUT), Free State in 2006. Practitioners and researchers have been pushing boundaries every year, with new developments and case studies being reported. Although all of the major universities have a strong presence in manufacturing research, AM-related research is being driven by a minority (39%), whilst some more have AM facilities used to support other manufacturing research, giving a total of 48% of universities having AM facilities in-house.
RP System Installations and Ownership Trends
De Beer (2008) were 3D printers. The predominant reason for this would appear to be cost, but improved part quality and easier materials handling have also played a role (Wohlers, 2008) . An interesting trend is that industrial ownership has outgrown academic ownership of RP systems (Wohlers, 2009 ). In the early years beginning from 1998, only one RP system was owned by a private company (du Preez et al., 2006) . RP was initially introduced into higher education and research centres but towards the end of 2005, out of the 54 RP machines in the RSA, 40 of these (74%) belonged to private companies. These findings are in line with those of Dimitrov, D. et al. (2008) . The rise of 3D printers has seen a wide variety of industries becoming involved in additive manufacture, probably as a result of South Africa"s National R&D Strategy which has attempted to draw SMMEs (small, micro and medium-sized enterprises) into the country"s Innovation Network. This trend illustrates that technology transfer programmes from universities to industry with government support have paid off.
For the number of machines available in SA as reported (Wohlers, 2009) In addition to their lower purchase cost, the fact that annual maintenance costs for 3D printers may be as little as 20% -50% of that for a high end machine explains why 3D printers have become a popular choice for small companies wanting to have in-house RP capabilities. It is likely that purchasing decisions in small, medium and micro enterprises (SMMEs) are being driven largely by cost. The authors are of the opinion that "part quality" enjoys less consideration in an SMME"s decision to purchase a specific machine. For 3D printers, the element of part production cost that can be attributed to machine price and maintenance cost (divided by an assumed hourly annum usage), is more likely to fit an SMME"s available budget. The further element of that depends on consumable costs may not greatly influence the purchase decision, but the ordering of material start-up quantities and its associated costs may have a direct influence. Although it may be reasoned that part cost on high end machines can, in some cases, be less than on 3D printers, this also is a function of machine utilisation rates. Once again an SMME may accept that they have to pay more per part but that these costs can be spread over a longer period of time (associated with a low utilisation rate). In return they can invest less on hardware initially and are not forced to import consumable material in bulk (as is the case with most of the high end machines in the RSA). The availability of local agents and "off the shelf" consumable material is obviously an important factor here, which within the current situation, is more viable for certain 3D printing OEMs, through having agents in the RSA.
The applications for 3D printers, with the exception of a few research institutes and industry users, are mainly for the fast production of concept models, often used for design verification, form fit and function tests or geometrical / functional representation. In contrast, all high end machines are additionally involved in advanced applications such as tooling, masters for investment casting or direct digital manufacturing of end products.
RP Research and Applications
Whereas more universities in the RSA are becoming involved in RP/AM research, the University (Agrawal et al, 2006) . Other applications include injection mould trials using the EOS Alumide material (de Beer et al, 2005a) , and the development of novel RT process chains for large sand casting components (Dimitrov et al, 2007a (Dimitrov et al, , 2007b . The use of RP technologies have increased the fidelity of physical models in terms of aesthetics, ergonomics and functionality. The results have facilitated greater customer participation during product development and allowed ideas to be tested to reduce the risk of failure in the market 
Industrial Utilisation of Rapid Technologies
In the automotive and aerospace industries within the rapid technologies domain, master patterns and moulds for casting are as important as dies used for injection moulding. The increasing choice of materials available has positively influenced industry"s acceptance of AM, with excellent results achieved such as the fabrication of an Alumide turbine which successfully ran at 12 000 revs/min (Figure 7 ). According to Professor Dimitri Dimitrov, Head of the University of Stellenbosch"s Laboratory for Rapid Product Development (LRPD), the use of technologies such as 3D printing is cost-effective, versatile, fast and easy to operate (Dimitrov, 2006 
Government Initiatives
To help promote the use of RP/AM in manufacturing industry and academic institutions, the RSA National Government has launched several initiatives. Perhaps the most interesting of these is 
Comparison to Previous Road-map
The developments that have been discussed are now compared to the previous road-map (Campbell and de Beer, 2005) to ascertain if any actions were overlooked or if subsequent new lessons can be learnt.
Increased Participation of Industry within National RP Networks
There has been continual industrial participation within RAPDASA management and events. The involvement of RP vendors at the past few conferences has been particularly noticeable through the increased number of booths exhibited. The involvement of SMME"s within RP activities has also been encouraged through the Technology and Human Resources for Industry Programme University and the CUT which have both won THRIP excellence awards.
Product Development Embracing the Use of Digital Tools
South Africa"s technology transfer strategy has been generally successful with more companies embracing RP/AM technology and buying machines. Indeed, the growth of RP purchases within industry is now well above that seen in academia (de Beer, 2008) . Most of these have been 3D
printers but some high end systems have also been purchased. At the same time, the growth in the use of digital tools such as CAD and RP software is evidenced by increased system sales, 
Strengthening of International Links
As 
Salient Lessons and Future Directions
The road-map presented by Campbell and de Beer (2005) remains a relevant strategy for the RSA. Although good progress has been achieved in all four recommendations, it is expected that greater progress should be further desired and achieved. A major obstacle to the wider use of digital product development technologies and the uptake of RP is that access to CAD systems in schools and higher learning institutions is still limited. This presents students with a steeper learning curve when they enter higher learning or industry, which could possibly detract from desire for a career in product development. Without access to CAD and associated downstream technologies, students are not exposed to the creative possibilities of a modern product development process. Therefore, promising students may be lost to other professions such as law or medicine. To counter this, short courses in CAD/CAM have been offered to manufacturers by the National CAD/CAM Training Centre, and the "CAD in Schools" program was put in place for students at grades 10 -12 at 25 pilot schools (du Preez et al., 2006) . However, subsequent uptake was slow. The CAD in Schools programme had limited funding, and as such it was activated in certain schools only. It did, however, create an awareness and basis for technology adoption in schools.
Further momentum has been gained through the FabLab initiative in South Africa, which although very successful, was limited to the launch/development of seven centres, again due to limited funding. The FabLab initiative aims to give students free access to numerous digital technologies. However, as these FabLabs are situated in urban centres, they may not be reached easily by rural communities. Further centres, together with some mobile FabLab developments, as well as independent initiatives are on the way, which may keep the momentum going. In parallel, RAPDASA has, through support from Wohlers Associates and Stratasys, started with annual outreach activities to schools in disadvantaged regions. The programme, based on the SME Bright Minds initiative, may take over where CAD in Schools has stopped. It is hoped that these programmes will continue to educate and orientate school learners towards taking up a career in manufacturing, together with a working knowledge of CAD, product development and AM.
To address the lack of consistent access for school age children, the authors propose a fifth recommendation for the road-map. This is to strongly promote the availability of digital technologies in pre-university education that would provide an early foundation for CAD and RP awareness, so as to build up this expertise in undergraduate and postgraduate students.
Conclusion
This paper has provided examples that show strong growth in the use of RP/AM technologies in the RSA. As more users, systems, applications and research take place, significant challenges must be met. More importantly, the paper provides an update on developments, such as recent government initiatives, growing ownership trends, new applications and novel industrial utilisation of RP/AM technologies. The paper has also highlighted that the education sector in the RSA has been slow to introduce students to digital product development technologies and the use of CAD systems. The authors have proposed a fifth recommendation on the road-map that aims to promote the availability of digital technologies in the RSA"s pre-university education.
In looking at a five year trajectory for AM development in RSA, the authors estimate that growth will continue along the current lines in high end machines, driven by specialized applications such as the manufacturing of medical instrumentation through e.g. direct manufacturing in stainless steel, high temperature metal alloys for the aerospace industry, dentistry applications or other specialized applications that may often emanate from research, e.g. micro manufacturing. There is no doubt that the 3D printing market in RSA will have an exponential growth, with new cheaper machines playing an important role. In terms of predicting the growth, the number of machines in RSA is set to go beyond 200 during 2010, and will most probably reach 400 towards the end of 2014. The overarching percentage of these anticipated sales will however, be in the 3D printing category, but more specifically in terms of the new generation of low cost machines.
Whilst AM technologies are becoming more affordable, many users in the RSA still see it as expensive, cumbersome to run and maintain, and with extremely expensive materials, due to the fact that all systems and materials still need to be imported, and this results in much higher costs than conventional materials. The authors have deliberately not looked too far ahead because this could become mere speculation. However, one matter that is likely to have great impact over the next five years, is the availability of very low cost 3D printers such as the RepRap machine sold by Bits from Bytes. This will open up yet another swathe of potential RP owners including schools and inventors, leading to a further increase in machine sales.
Finally, in terms of other countries learning from what is happening in the country, Gibson (2008) stated that "RP in South Africa has now moved to a new level and the country can act as a role model for other developing economies". This statement is a clear indicator that South Africa has successfully built upon its foundations in RP and is a now a successful model of "National Best
Practice".
